the host eliminates the particles entering into the alveolar space. Following phagocytosis, AMs release cytokines, growth factors, and other biomediators to orchestrate the immune process (Warshawsky et al., 1994) . AMs are also the main parasitizing targets of some bacteria, such as Mycobacterium tuberculosis (Wilson et al., 1979) . Intracellular drug targeting to AMs has particular importance and is especially desirable for the treatment of certain pulmonary diseases such as tuberculosis.
Liposomes have been extensively investigated over the past 30 years as a delivery system for a variety of drugs because of their biocompatibility and resemblance to the biological cells (Gregoriadis & Florence, 1993) . Although liposomes have been shown to interact with cells by mechanism of adsorption, endocytosis, lipid exchange, or fusion, studies have shown that liposomes without targeting specificity exhibit only moderate affinity toward various cell types (Kimelberg & MayLew, 1978) . The ability of liposomes to deliver drug intracellularly has not been well characterized. This suggests that some receptor-mediated mechanisms may be necessary in order to promote cell uptake of the liposomes. The interaction of liposomes with cells depends mainly on the nature of the liposome surface. Many ligands such as antibodies, lectins, glycoproteins, and glycolipids have been conjugated to liposomes to modify the surface property in order to achieve greater targeting value as a drug delivery system (Hutchinson & Jones, 1988; Miyazaki et al., 1992; Muller & Schuber, 1989) .
It is now well documented that mannose receptors, which are abundant on alveolar macrophages, show a strong affinity toward terminal mannose residues commonly found on the surface of bacteria and fungi (Stahl, 1990) . Mannose-receptor binding is believed to be the major mechanism by which AMs recognize foreign particles and carry out their endocytotic function. The present study was carried out to develop a liposome system for targeted drug delivery to AMs, utilizing the concept of mannose receptor-mediated endocytosis. A glycosylphospholipid with a terminal mannose moiety was synthesized and used in the preparation of liposomes. The effect of the conjugated mannose on the uptake of liposome by AMs was investigated. 
EXPERIMENTAL

Materials
Dipalmitoylphosphatidylcholine (PC), dipalmitoylphosphatidylethanolamine (PE), dipalmitoylphosphatidylserine (PS), cholesterol (CL), a-D-mannopyranosylphenylisothiocyanate (MITC), fluorescein, Triton X-100, ninhydrin, HEPES, RPMI 1640, streptomycin, and penicillin were purchased from Sigma Chemical Company (St. Louis, MO, USA). Modified DittmerLester reagent (MDLR) was prepared according to the method of Ryu and MacCoss (1979) . Cell culture cluster plates (48-well) were purchased from Costar Corp. (Cambridge, MA, USA). Polygram Sil G/UVz54 silica gel thin-layer chromatography (TLC) plates were obtained from Macherey-Nagel (Dueren, Germany). Silica gel GF-precoated TLC plates were obtained from Analtech (Newark, DE, USA).
In 3 mL of CHC13 and CH30H mixture (9:1), 34.6 mg of phosphatidylethanolamine was dissolved. The pH was adjusted to 9.0 using 0.1 M NaOH methanol solution. With stirring, 15.6 mg of MITC dissolved in 0.5 mL of methanol was added dropwise into the PE solution, and the reaction was continued at room temperature for 24 h and monitored by thin-layer chromatography. During the reaction, the pH was maintained at 9.0 by the addition of 0.1 M NaOH methanol solution. Samples of the reaction mixture were periodically examined by TLC along with nonreacted controls of PE and MITC using Polygram Sil G/UV254 plates and a solvent system containing CHC13, CH3COCH3, CH30H, and CH3COOH (3:4:1: 1). Identification of reaction mixtures and product on TLC plates was made sequentially by ultraviolet (UV) light, spraying 0.1 % ninhydrin ethanol solution, and immersing into MDLR reagent.
At the end of the reaction, the solution was neutralized to pH 7.0 with acetic acid, concentrated by vacuum rotary evaporation, and then loaded onto the silica gel GF plates for product purification. The TLC plates were sequentially developed using acetone and a mixture of CHC13 and CH30H (1 : 19) as the first and second elution solvents. Following the second elution, the silica gel containing the product was removed from the backing glass and extracted twice with 50 mL of CHC13 and CH30H (9: 1). The extracts were combined and the solvents were removed using a Savant Speed Vac SC 11 0 condenser (Farmingdale, NY, USA) at room temperature. The synthetic white solid product was further analyzed using 'H nuclear magnetic resonance (NMR) spectroscopy.
Liposome Preparation and Characterization
Liposomes containing M-PE:PC:PS:CL or PE:PC:PS:CL, in a molar ratio of 2.0:2.0:0.5:0.5, were prepared. Mixture of phospholipids (5.5 p o l in 3 mL of 1:9 CH30H and CHC13) was added to a 300-mL round-bottom flask containing 20 g of glass beads with a diameter of 4 mm. A lipid film was obtained by vacuum rotary evaporation to remove the solvents. The flask was placed under vacuum conditions overnight to remove the solvent residues. An aliquot of 3.5 mL of isotonic HEPES buffer (pH 7.4) containing 20 mM fluorescein was then added to the flask, and the flask was rotated for 30 min to allow rehydration of the lipid film. The suspension was transferred into a plastic ultracentrifuge tube and treated through a five-cycle freeze-thawing process using liquid nitrogen and a water bath at 37°C. Unilamellar liposomes were then prepared via high-pressure homogenization of the suspension for five times at 100 psi using an EmulsiFlex high-pressure homogenizer (Avestin, Canada). To remove nonincorporated drug (fluorescein), the liposome suspension was diluted with an equal volume of isotonic HEPES buffer and centrifuged at 14,000 g for 20 min. The pellet was obtained and washed twice using 6 mL of HEPES buffer each time. Then the pellet was resuspended in 6 mL of HEPES buffer to yield the final liposome suspension.
Fluorescein was used as a marker for the evaluation of liposome stability and the uptake of liposomes by AMs. Quantitative determination of fluorescein from various samples was made using a model 7630 microplate fluorometer (Cambridge Technology, Watertown, MA, USA) with excitation and emission wavelengths set at 485 and 530 nm, respectively. The fluorometric assay was carried out by adding 10 pL of samples into each well of a 48-well culture plate prefilled with 10 pL of 5 M NaOH and 480 pL of 1.5% Triton X-100. Fluorescence was then measured and concentration calculated based on standard curves determined under the same conditions. For the stability studies, liposome suspensions were stored at 2°C or 37°C for 48 h. The concentrations of fluorescein in the total suspension and in the supernatant before and after storage were determined. These data were used to calculate the percent drug release due to leakage or disruption of liposome structure. The encapsulation volume of the fluorescein solution in the liposome was measured based on the equation V = Q/20 mM, where V is the entrapped volume per pmol lipids and Q is the amount of fluorescein associated per pmol lipid.
Transmission Electron Microscopy
Liposome suspension was centrifuged at 14,000 g for 20 min. Drops of the resulting pellet were placed onto 3-mm gold specimen carriers and plunged into liquid nitrogen. Using a Blazers BAF 400T freeze-etch unit (Pfeiffer, Germany), specimens were fractured at -105°C and mbar. The deposition of 2-nm platinudcarbon at 45" and 20 nm carbon at 90" was accomplished using a quartz crystal film thickness monitor. Replicas were floated from the specimen carriers in saline and cleaned overnight using 50% chromic-sulfuric acid. Following several rinses in distilled water, the replicas were mounted on 200-mesh copper grids, viewed, and photographed using a JEOL lOOCX transmission electron microscope (TEM) (JEOL USA, Boston, MA, USA). The size of the liposomes was determined from TEM according to the following equation: R2 = (a2 + b2)/2, where R is the radius of the liposome and a and b are the widths of the shadowed and unshadowed region of the concave replica at its midpoint.
Alveolar Macrophage Harvest
Eight-week-old male Sprague-Dawley rats were obtained from Hilltop LAB Animals (Scottdale, PA, USA). Alveolar macrophages were harvested by bronchoalveolar lavage routinely carried out in our laboratory (Ma et al., 1988) . Briefly, the rat was anesthetized by peritoneal injection of 1 mL of a 6% pentobarbital solution. The trachea was cannulated and the lungs were lavaged 10 times each using 8 mL of an isotonic phosphate buffer (pH 7.4). The combined cell harvests were pelleted by centrifugation at 150 g for 10 min and resuspended in RPMI 1640 containing 100 U/mL penicillin and 100 yg/mL streptomycin. Cell viability was determined microscopically by monitoring the membrane integrity using the trypan blue exclusion method. Only viable cell preparations (>95%) were used. For the uptake studies, cell concentration was adjusted to 5 X lo5 cells/mL.
Cell Uptake Studies
Alveolar macrophages (2.5 X lo5 cells/well) were placed in 48-well culture plates and incubated at 37°C with 5% C02 and high humidity for 4 h. The medium of each well was aspirated, and the wells were washed with 0.5 mL of an isotonic HEPES buffer (pH 7.4) to remove any nonadherent cells. Liposomes containing fluorescein were added to the cell wells in varying concentrations, and the final volume of each well was adjusted to 500 pL using the HEPES buffer. Samples in which cells were treated with free fluorescein (in solution) were also prepared and used as controls. The cell cultures were incubated for up to 4 h. Following the removal of culture medium, each well was washed twice with 0.5 mL of HEPES buffer, treated with 490 pL of 1.5% Triton X-100 and 10 pL of 5 M NaOH, and assayed for internalized fluorescein.
RESULTS AND DISCUSSION
Synthesis of Mannosylphosphatidylethanolamine (M-PE)
Phenylisothiocyanate (PITC) is a common coupling agent for primary amines. Studies (Ginsburg, 1972) have shown that the carbohydrate derivatives of PITC [suga--C-{C6H4)-N= C=S] readily react with proteins such as bovine albumin with high yields (>90%) and can be used for carbohydrate labeling. In the present study, the reaction of a mannopyranosyl derivative, MITC, with PE was carried out and monitored by TLC. by the detection using MDLR, a reagent that is specific for the detection of phosphate group. Figure lc shows that the product, which has a slightly higher Rf value than PE, contains a phosphate moiety. The foregoing results indicate the formation of a mannopyranosylphenylthiocarbamoyl derivative of phosphatidylethanolamine. The product was purified using a two-step TLC process. Reaction mixture was first eluted with acetone to remove MITC (Rf values for MITC, PE, and M-PE are 0.9, 0, and 0, respectively) and then with a solvent system containing CHC13 and CH30H (1 : 19) (Rf values for PE and M-PE are 0 and 0.7, respectively). Figure 2 shows the proton NMR spectrum of the purified product. The presence of a para-substituted phenyl group (from MITC) in M-PE is indicated by the two doublets in the chemical shift region 6.66-6.90 ppm. A triplet in the region 0.44-0.50 ppm indicates protons from the terminal methyl group of the phospholipid. The ratio of peak areas between the aromatic and the methyl group proton signals is 4:6, further indicating an one-to-one coupling of MITC and PE.
Liposome Preparation and Characterization
In a previous study (Muller & Schuber, 1989) , functionalized mannose ligands were coupled to preformed liposomes containing PE. However, it was found that some of the ligands had permeated into the lumen of the liposomes before the coupling reaction took place. This implied potential reactions of the ligands with the drug molecules encapsulated in liposomes because of the high chemical reactivity of the functionalized ligands. In the present study, the liposome was made after the modification of PE with mannose ligand. There was no free chemically reactive functional group left before the incorporation of the drug into liposomes.
Several methods have been reported to yield liposomes with varying structures. These include the film hydration method for the preparation of multilamellar vesicles (MLVs) (Bangham et al., 1965) , the ether infusion method for producing large unilamellar vesicles (LUVs) (Deamer, 1978) , the reverse-phase evaporation method for the preparation of LUVs (Majumdar et al., 1992) , and a sonication method to produce small unilamellar vesicles (SUVs) from MLVs (Finer et al., 1973) . In the present study, liposomes composed of PE:PC:PS:CL (PEliposomes) or M-PE:PC:PS:CL (M-PE-liposomes) in a molar ratio of 2:2:0.5:0.5 were prepared by high-pressure homogenization of MLVs obtained by film hydration. A freeze-thawing procedure was also adopted in the preparation method, which has been shown to result in a uniform distribution of the entrapped drug (Ohsawa et al., 1985) . The PE-and M-PEliposomes exhibited similar structures and stability. Figure 3 shows a freeze-etch micrograph of M-PE-liposomes prepared via the high-pressure homogenization method. It can be seen that these liposomes are quite uniform and have a unilamellar structure with a mean diameter of 140 t 59 nm, using only concave replicas for the measurement. Freeze-etch transmission electron microscopy has been shown to be very useful in the measurement of liposome size distribution and structure (MacDonald et al., 1991) . Although it is difficult to define the interface between the shadowed and the unshadowed area of a convex replica, concave replicas can be used for accurate measurement of particle diameter. The encapsulation volume was about 0.01 pL/pmol lipid.
The stability of liposomes stored at 2°C and 37°C was studied. About 58% of the encapsulated fluorescein leaked out over 48 h at 37°C. In contrast, the leakage was only 2% when liposomes were stored at 2°C. The relatively low stability of liposomes at 37°C also corresponded to a faster rate of sedimentation, suggesting that the lipid bilayer is unstable at higher temperatures and may undergo fusion and aggregation with other lipid vesicles. Figure 4 shows the percent uptake of fluorescein by AMs after cells were exposed to fluorescein, either in solution or encapsulated in PE-or M-PE-liposomes, for 2 h. Free fluorescein was not internalized by AMs. In contrast, both PE-and M-PE-liposomes, especially the latter, resulted in a significant increase in intracellular fluorescein due to cell recognition and uptake of the liposomes. The percent uptake of M-PE-liposomes (16%) by AMs was 3.6-fold greater than that of the PE-liposomes (4.5%). In addition, the uptake was found to increase with increasing content of M-PE in the liposome composition (data not shown). These results demonstrate that M-PE markedly enhances the uptake of liposomes by AMs, which may be attributed to the interaction of the lipid-bound mannose moiety with mannose receptors at the cell surface.
Uptake of liposomes by Alveolar Macrophages
The mechanism for the uptake of liposomes by AMs was further evaluated via dose-and time-dependent uptake studies and competitive inhibition. Figure 5 shows the percent uptake of M-PE-liposomes (83 nmol lipid/well) as a function of time. The rate of uptake decreases with increasing incubation time, suggesting that a rate-limiting step which may involve the binding of liposomes to the cell surface may be a key step in the uptake process. Figure 6 shows the measured intracellular fluorescence following a 2-h incubation of AMs with varying doses of M-PE-liposomes (41.5-332 nmol lipidwell). The apparent linear increase in intracellular fluorescence with increasing doses of the liposomes indicates that cell uptake of liposomes did not reach saturation in this concentration range. The dose-dependent effect also suggests a binding equilibrium between liposomes and alveolar macrophages, which is consistent with the kinetic data shown in Figure 5 .
The effects of free mannose on the uptake of PE-and M-PE-liposomes by AMs are shown in Figure 7 . Studies have shown that mannose receptors are unique to macrophages and can be activated by terminal mannose residues to induce phagocytosis (Muller & Schuber, 1989; Stahl, 1990) . This may explain the fact that mannose, especially at high concentrations, slightly enhances the uptake of PE-liposomes by AMs (curve A). The effect of mannose on the uptake of M-PE-liposomes is characterized by a strong inhibition of uptake at 10 mM mannose and gradually reduced inhibition at higher concentrations (curve B). These results suggest a mixed mechanism for the overall inhibitory effect that involved a competitive inhibition of mannose receptor-mediated endocytosis of liposomes and the mannose-induced phagocytotic activity. has been synthesized and successfully incorporated into a unilamellar liposome system prepared using a high-pressure homogenization method. This mannosylliposome system demonstrates an active macrophage-targeting affinity. As shown by measurement of intracellular fluorescein delivered via liposomes, the uptake of the mannosylliposomes by AMs was dose and time dependent and was 3.6-fold greater than that of the nonmannosylliposomes. Uptake of the M-PE-liposomes was strongly inhibited by free mannose, suggesting that the uptake process involves mannose receptor-mediated endocytosis. Our studies also showed that free mannose enhanced the uptake of nonmannosylated liposomes through its stimulation of AM phagocytosis. This suggests that the uptake of M-PE-liposomes may be due in part to the increased phagocytotic activity of alveolar macrophages.
SUMMARY
